Roche tomography of cataclysmic variables - VIII: The irradiated and
  spotted dwarf nova, SS Cygni by Hill, C. A. et al.
MNRAS 000, 1–9 (2017) Preprint 12 November 2018 Compiled using MNRAS LATEX style file v3.0
Roche tomography of cataclysmic variables - VIII:
The irradiated and spotted dwarf nova, SS Cygni
C. A. Hill1?, Robert Connon Smith2†, L. Hebb3,4, P. Szkody4
1IRAP, Universite´ de Toulouse, CNRS, UPS, CNES, 14 Avenue Edouard Belin, Toulouse, F-31400, France
2Department of Physics & Astronomy, University of Sussex, Falmer, Brighton BN1 9QH, UK
3Hobart and William Smith Colleges, Department of Physics, Geneva, NY 14456, USA
4Department of Astronomy, University of Washington, Box 351580, Seattle, WA 98195, USA
Accepted XXX. Received YYY; in original form ZZZ
ABSTRACT
We present the results of our spectroscopic study of the dwarf nova SS Cyg, us-
ing Roche tomography to map the stellar surface and derive the system parameters.
Given that this technique takes into account the inhomogeneous brightness distribu-
tion on the surface of the secondary star, our derived parameters are (in principle) the
most robust yet found for this system. Furthermore, our surface maps reveal that the
secondary star is highly spotted, with strongly asymmetric irradiation on the inner
hemisphere. Moreover, by constructing Doppler tomograms of several Balmer emission
lines, we find strong asymmetric emission from the irradiated secondary star, and an
asymmetric accretion disc that exhibits spiral structures.
Key words: stars: novae, cataclysmic variables – stars: starspots – stars: dwarf novae
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1 INTRODUCTION
First recognised by Wells (1896) as a variable star, and later
classified as a dwarf nova (DN) by Payne-Gaposchkin &
Gaposchkin (1938), SS Cyg is one of the brightest cata-
clysmic variables (CVs) known, and is the brightest of the
DN class. As is typical for CVs, SS Cyg consists of a white
dwarf (WD) that accretes material from a main-sequence
dwarf, overflowing its Roche lobe through the inner La-
grangian point. As the WD in SS Cyg is non-magnetic, ac-
cretion takes place from a boundary layer at the inner edge
of the accretion disk, close to the WD surface. During quies-
cence, the low viscosity of the disk allows mass to accumulate
within it. Once the surface density in the disk reaches a crit-
ical point, an instability is triggered, with an increase in vis-
cosity allowing rapid mass flow through the disk to the WD,
releasing gravitational potential energy (the disk instability
model; e.g. Warner 1995). The disk becomes heated, increas-
ing in luminosity, and the system is observed in outburst, in-
creasing in brightness from V ' 12 to around 8.5 mag during
eruptions (lasting around 7–14 d), and returning to quies-
cence for around 50 d before the next outburst (Cannizzo &
Mattei 1992).
The system parameters of SS Cyg have been measured
by many different authors over the past 50 years, and are
? E-mail: chill@irap.omp.eu
† E-mail: r.c.smith@sussex.ac.uk
now fairly well known, with the spectral type of the sec-
ondary star determined to be K4V–K5V (Smith & Dhillon
1998; Beuermann 2000). After the introduction of digital de-
tectors, the radial-velocity semi-amplitude of the secondary
star (K2) was found to be around 155 kms−1 by Stover et al.
(1980), as well as Hessman et al. (1984), Robinson et al.
(1986), Echevarria et al. (1989) and Friend et al. (1990).
In later work, Martinez-Pais et al. (1994) and Bitner et al.
(2007) found K2 ' 162.5 kms−1, with North et al. (2002) find-
ing a slightly higher value of 165 kms−1. The differences be-
tween these measurements likely stemmed from real changes
within the system, as an increase in irradiation of the sec-
ondary (due to increasing accretion luminosity) shifts the
secondary’s centre of light to higher velocities. This effect is
most obvious when the system is in outburst (with an in-
crease in K2 of ∼ 40 kms−1, see Hessman et al. 1984), but
even during quiescent periods, there may be enough irradi-
ation to significantly bias the measured K2 (Robinson et al.
1986). Given that the mass ratio q = M2/M1 = K1/K2 de-
pends on accurate (unbiased) measurements, such variation
due to irradiation will lead to systematically offset system
parameters, if unaccounted for.
Furthermore, by fitting a two-spectrum model of a K4V
and a cooler M2V component (that includes TiO in its
spectrum), Webb et al. (2002) found evidence of significant
starspot coverage on the secondary star. Such surface fea-
tures introduce significant radial velocity (RV) variations,
and combined with the ellipsoidal variations due to the
© 2017 The Authors
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Table 1. APO echelle spectra; 600-s exposures
Date No. of spectra Range of UTC mid-exposure
2012 Sep 20 29 04:13 to 10:36
2012 Sep 21 29 02:29 to 09:07
shape of the Roche lobe, RVs measured using standard cross-
correlation techniques often depart significantly from their
expected sinusoidal values (e.g. Hill et al. 2016, also see Fig-
ure 4).
Moreover, as SS Cyg is non-eclipsing, determining the
orbital inclination i (and thus M1 and M2) also presents
some difficulties. One could assume some property of the
K star, however this may introduce considerable uncertain-
ties - Kolb et al. (2001) have shown that Roche-lobe fill-
ing stars of K4V–K5V spectral type can have masses in the
range 0.42–0.80 M, with Baraffe & Kolb (2000) finding
that mass-transferring stars may have radii up to 50 per cent
larger than normal main-sequence stars, supported by obser-
vations of Smith & Dhillon (1998) and Beuermann (2000).
Instead, one could assume that the WD follows the normal
mass-radius relation (e.g. Provencal et al. 1998), with the
inner radius of the accretion disk allowing an inference of
its mass (e.g. Cowley et al. 1980), and thus i. However, the
velocity fields in SS Cyg are complex (North et al. 2001), es-
pecially near the WD where magnetic fields may play a role.
More typically for non-eclipsing systems, one can determine
i by fitting the ellipsoidal variations in the lightcurve (e.g.
Bitner et al. 2007). However, this technique is also impaired
by the presence of starspots and irradiation, complicated
further by the fact one must estimate the flux dilution due
to the accretion disk.
Thus, to accurately determine the system parameters
for SS Cyg, one must account for inhomogeneities in surface
brightness on the secondary star, as well as the ellipsoidal
modulation, and variable contribution from the accretion
disk. In this paper, we achieve this by using Roche tomogra-
phy, a technique that reconstructs surface brightness maps,
naturally accounting for the aforementioned effects, and thus
(in principle) providing the most robust estimate of the sys-
tem parameters, as well as allowing us to study starspot
distributions and irradiation patterns.
We present our photometric and spectroscopic observa-
tions in Section 2, and derive a new ephemeris from our RV
measurements in Section 3. We examine the emission lines
using Doppler tomography in Section 4, and determine the
system parameters using Roche tomography in Section 5. In
Section 6, we analyse the surface maps of SS Cyg that show
both irradiation and starspots, and discuss and summarize
our results in Section 7.
2 OBSERVATIONS
2.1 Spectroscopy
The spectra were obtained in September 2012 using the high-
resolution (R∼ 31, 500) echelle spectrograph on the ARC 3.5-
m telescope at the Apache Point Observatory (APO), New
Mexico. Each exposure was for 600 s. A summary is given
in Table 1; approximately one orbital cycle was covered on
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Figure 1. A section of the average spectrum of SS Cygni from
the first night’s observing, showing the strong Balmer emission
lines and some of the many absorption lines that were available
for mapping (Section 5).
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Figure 2. Photometry as a function of time over the two nights.
Filled diamonds mark the V -magnitude data from the APO; open
squares mark the pseudo-V -magnitude data using equation 1,
shifted to match the APO data in the region of overlap.
each night. The echelle spectra were reduced to 1-D using
standard reduction techniques, and all orders were placed
on the same uniform wavelength scale of 0.1 A˚ per pixel and
stitched together to form single spectra. These spectra were
then clipped at each end, resulting in final spectra running
from 4000–9000 A˚ inclusive. A section of the average spec-
trum of the first night’s data is shown in Figure 1. Regions of
major atmospheric molecular absorption (oxygen and water
bands) were set to a constant and masked out when using
the spectra. A flux-standard star (EG 247 = BD+52o 913)
was observed and reduced in the same way, and was used
for flux calibration of the echelle spectra.
2.2 Photometry
Simultaneous photometry was obtained on both nights, us-
ing two instruments. The overall brightness level was consis-
tent with the system being in quiescence, and AAVSO data
for the time confirm that our observations were obtained in
quiescence, almost exactly half-way between two outbursts.
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Figure 3. Plot of the merged data from both nights as a function
of phase, over two phase cycles. There are some obvious outliers,
almost all from the pseudo-data. The scatter around phase 0 and
phase 0.4 arise from variations between the two nights (see Fig-
ure 2).
Single-colour V photometry was obtained on the NMSU 1-
m telescope at APO; because that did not cover the en-
tire timespan of the spectroscopy, it was supplemented with
multi-colour (g, r, i) photometry taken at the University of
Washington 0.76-m at Manastash Ridge Observatory, Wash-
ington. Because the two sets of photometry overlapped in
time on each night, it was possible to combine them, us-
ing a transformation to create a pseudo-V magnitude from
a combination of the g and r data, using the formula:
V = g − 0.03 − 0.42(g − r) (1)
(see Windhorst et al. 1991; Kent 1985). Figure 2 shows the
data for the two nights, distinguishing between the APO
data and the (g,r) data; the latter show considerable scat-
ter on night 1. The two nights show somewhat different be-
haviour, which shows up as scatter in the phase plot (Fig-
ure 3), which combines the two nights and the two sources
of data. The obvious outliers mainly correspond to the con-
siderable scatter in the light curve at the end of night 1 in
Figure 2.
The mean V band magnitude of mv = 12.23 (as deter-
mined from our observations) is somewhat fainter than the
mean historical quiescent magnitude of mv =11.8–11.9 (be-
tween 1896 and 1992, Cannizzo & Mattei 1992), which may
imply a lower accretion rate (and corresponding accretion
luminosity) at the time of our observations. Combining our
mean mv with the fractional flux contribution of the sec-
ondary of ∼ 46.5 per cent in the V band (as found by Bitner
et al. 2007), we derive a magnitude of mv = 13.064 for the
secondary star. Adopting a distance of d = 114 ± 2 pc, as
measured using VLBI by Miller-Jones et al. (2013), and in
excellent agreement with the 116.8 ± 4.5 pc found by Gaia
(Gaia Collaboration et al. 2016), we derive a distance modu-
lus of 5.28±0.04. Combining this with the bolometric correc-
tion of BCv = −0.55 (for a K4V-type star), as determined by
Pecaut & Mamajek (2013), and assuming negligible extinc-
tion (Av ∼ 0), we derive an absolute bolometric magnitude
of 6.2 ± 0.1 for the secondary star, or equivalently, a log lu-
minosity relative to the Sun of −0.58 ± 0.04.
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Figure 4. The measured radial velocities of SS Cyg (top panel)
for 20 Sept 2012 (triangles) and 21 Sept 2012 ( circles), where
the latter points have been phase folded for clarity. Also shown is
a least-squares sinusoid fit to the RV points, assuming a circular
orbit (black solid line). The lower panel shows the residuals after
subtracting the fitted sinusoid, as well as the statistical uncer-
tainties of the measured RVs.
3 EPHEMERIS AND RADIAL VELOCITY
CURVES
A new ephemeris was derived for SS Cyg for the purpose of
improving the quality of the Roche tomograms in Section 5.
Following the methods outlined by Watson et al. (2006),
the radial velocities (RVs) were obtained by cross-correlating
the observed spectra with a rotationally-broadened spectral-
type template, over the range 6000–6270 A˚ and 6320–6500 A˚
(a region containing strong absorption lines, excluding tel-
lurics). Our chosen K4V template was HD 24916, where its
RV of −5.144 ± 0.005 kms−1 was determined by a Gaussian
fit to a least-squares deconvolved line profile (LSD, see Sec-
tion 5). The measured RVs were determined from parabolic
fits to the peaks of the cross-correlation function for each
spectrum, with a new zero-point for the ephemeris (Equa-
tion 2):
HJD (d) = 2456190.62770 ± 0.00004 + 0.27512973E, (2)
derived from a least-squares sinusoidal fit to the measured
RVs (top panel of Figure 4). For all work presented here, we
adopted the fixed orbital period of 0.27512973 d as found by
Hessman et al. (1984).
This method of measuring the RVs is relatively insensi-
tive to the use of a poorly-matched template, or an incorrect
amount of template broadening. Indeed, no detailed attempt
was made to determine the best-fitting spectral-type or bi-
nary parameters in this analysis. However, for completeness
we find a systemic velocity of γ = −23.3 ± 0.1 kms−1 and
a radial velocity semi-amplitude K2 = 158.86 ± 0.14 kms−1
(shown with their statistical uncertainties), with a projected
rotational velocity v sin i = 93.6 kms−1. While K2 and v sin i
are compatible with those derived from our tomographic
imaging (see Section 5), the value of γ is around 8 kms−1
lower. This difference likely stems from the non-uniform in-
tensity distribution on the inner hemisphere of the secondary
star, as seen in Figure 9. Such a phenomenon was also found
for HU Aqr (Watson et al. 2003), where a non-uniform inten-
sity distribution, caused by the accretion curtain and disk
MNRAS 000, 1–9 (2017)
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partially blocking irradiation, was found to account for a
14 kms−1 velocity shift in the measured value of γ. We note
that the values of γ and K2 also change significantly when
SS Cyg is in outburst (see Hessman et al. 1984); however,
the system was in quiescence during the observations pre-
sented here (see Section 2.2), and so we consider the surface
brightness inhomogeneities to be the source of this discrep-
ancy.
The lower panel of Figure 4 shows the residuals after
subtracting the fitted sinusoid. Here we see the systematic
biases in the measured RVs due to surface features such as
irradiation or star spots, as well as the tidal distortion of
the secondary. Given that we are able to account for such
phenomena by using Roche tomography (see Section 5), the
binary parameters derived from this RV analysis have not
been used in the subsequent work presented here.
4 EMISSION LINE FEATURES
The Balmer emission lines in SS Cyg are strong, and it is of
interest to discover whether they arise entirely in the accre-
tion disc or partly in the irradiated hemisphere of the sec-
ondary star. To explore this we have constructed Doppler
maps from the Hα, Hβ, Hγ and Hδ emission lines, shown in
Figure 5.
In the case of Hα and Hβ, we see that a large por-
tion of the emission comes from the secondary star, with a
slight asymmetry in the intensity distribution towards posi-
tive velocities. Furthermore, the tomograms of Hα, Hβ and
Hδ show the accretion stream along its expected ballistic
trajectory. We see spiral structures in the disc in the to-
mograms of all emission lines, with the spiral arms overlap-
ping somewhat in the lower-right quadrant of the maps. In-
deed, our observations are consistent with those by Kononov
et al. (2012), who found a similar asymmetric emission in
the right-hand quadrants. We also find increased emission
in the lower-left quadrant of the Hγ map, similar to that
found in the Hα tomogram of North et al. (2002), as well as
the Hγ and Hδ tomograms of Kononov et al. (2012). How-
ever, there are also differences between our tomograms and
those of Kononov et al. (2012), confirming their conclusions
of changes in the accretion disk between outbursts.
5 ROCHE TOMOGRAPHY
We have used Roche tomography to map the surface of the
secondary star in SS Cyg, and derive the system parameters.
Analogous to Doppler imaging, this technique is specifically
designed to indirectly image the secondary stars in close bi-
naries such as CVs, and has been successfully applied to
many systems over the past 20 years (e.g. Rutten & Dhillon
1994; Schwope et al. 2004; Watson et al. 2003, 2006, 2007;
Dunford et al. 2012; Hill et al. 2014, 2016; Parsons et al.
2016). The technique assumes that the secondary is locked
in synchronous rotation with a circularized orbit, and that
the star is Roche-lobe filling. Surface brightness maps are re-
constructed from a time-series of spectra using a maximum-
entropy approach, where the least amount of information is
included to reproduce the observed line profiles, for a given
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Figure 5. Doppler tomograms of the Hα, Hβ, Hγ and Hδ emis-
sion lines in SS Cyg (in clockwise order from top left). A spiral
structure can be clearly seen in the tomograms of Hβ, Hγ and
Hδ, as well as the accretion stream in Hα, Hβ and Hγ.
χ2. We refer the reader to the references above and the tech-
nical reviews of Roche tomography by Watson & Dhillon
(2001) and Dhillon & Watson (2001) for a detailed descrip-
tion of the axioms and methodology.
In order to detect the small variations in line profile
shape due to surface features (typically less than 10 per cent
of the line depth), we applied least squares deconvolution
(LSD; see Donati et al. 1997) to all spectra, in the same
manner as Hill et al. (2014). This cross-correlation process
assumes all lines included in the LSD mask repeat the same
information, and effectively yields a ‘mean’ line profile with
a substantially increased signal-to-noise ratio. LSD requires
the spectral continuum to be flattened, but as the contribu-
tion from the accretion regions to each spectrum is unknown,
with a constantly changing continuum slope due to, for ex-
ample, flaring (see Figure 2) or the varying aspect of the
accretion regions, we cannot use a master continuum fit to
the data. Furthermore, the constantly varying contribution
of the secondary star to the total system light means nor-
malizing the continuum would cause photospheric absorp-
tion lines from the secondary to vary between exposures.
Thus, the continuum is subtracted from each spectrum us-
ing a spline fit. Given the spectral type of SS Cyg has been
determined to lie in the range K4V–K5V (Smith & Dhillon
1998), we generated a stellar line list for a K4V type star
(Teff = 4750 K and log g = 4.5, the closest approximation
available) using the Vienna Atomic Line Database (VALD;
Ryabchikova et al. 2015), adopting a detection limit of 0.1
(of the normalized line depth, below which all lines with a
smaller central depth were excluded). The normalized line
depths were scaled by a fit to the continuum of a K4V tem-
plate star so each line’s relative depth was correct for use
with the continuum subtracted spectra. Regions of the spec-
trum containing strong atmospheric telluric lines, and emis-
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Figure 6. Trailed LSD profiles of SS Cyg, where the orbital motion has been removed assuming the binary parameters found in
Section 5.1, allowing individual starspot tracks across the profiles and the variation in v sin i to be more clearly observed. Panels show
(from left to right) the observed LSD profiles, the computed fits to the data using Roche tomography, and the residuals (increased by a
factor of 5). Starspots and surface features appear bright in these panels, where a grey-scale of 1 corresponds to the maximum line depth
in the reconstructed profiles. The two nights are displayed separately.
sion lines from accretion regions (such as Balmer lines) were
excluded, leaving around 7500 lines for use in the LSD mask.
The resulting LSD profiles can be seen in Figure 6,
where starspots and irradiation both appear as apparent
emission bumps.
The effects of limb darkening were accounted for during
the fitting process by adopting the four-parameter non-linear
limb darkening model of Claret & Bloemen (2011), where the
coefficients were taken from Claret et al. (2012). By using
the stellar parameters closest to that of a K4V star, which
for the phoenix model atmosphere were log g = 4.5 and
Teff = 4800 K, we derive coefficients of a1 = 3.05, a2 = −6.42,
a3 = 7.21, a4 = −2.51. In addition, we accounted for grav-
ity darkening by utilizing the expression presented by Bloe-
men et al. (2011) and the coefficients given by Claret et al.
(2012), where we interpolated between the Johnson B and V
passbands using the effective central wavelength of the LSD
mask, yielding a gravity darkening coefficient of y(λ) = 0.76.
5.1 System parameters
When using Roche tomography, the system parameters (γ, i,
M1 and M2) are typically determined by fitting the observed
line profiles to the same level of χ2 for many combinations
of parameters, aiming to minimize the information content
of the reconstructed maps. Adopting incorrect parameters
leads to well-characterized artefacts in the final map (see
Watson & Dhillon 2001), and always acts to increase the
information content (i.e. decreasing the map entropy). The
fitting of data is carried out iteratively, varying each pa-
rameter separately until the map of maximum-entropy is
obtained. In practice, the systemic velocity γ is most easily
constrained (see Figure 7), and the optimal pair of M1 and
M2 are determined for each inclination i (in an ‘entropy land-
scape’, see Figure 8). Thus, the optimal system parameters
are those that produce the map containing least informa-
tional content (i.e. those that assume least about the shape
of the line profile), for a target χ2.
For SS Cyg, we fitted the two nights’ data separately,
allowing for independent measurements of the system pa-
rameters, as well as creating independent surface maps (see
Appendix 7). It was found that the same set of parame-
ters provided the optimal fit to each night’s data. Further-
more, when the two nights’ data were combined, we again
obtained the same set of optimal parameters, showing the
robustness of the technique against systematic biases (such
as using different phase coverage or fewer spectra), and pro-
viding confidence in our derived results. Our fits to the LSD
profiles, with residuals, are shown in Figure 6. We find the
systemic velocity γ = −15.2 kms−1, the inclination i = 45◦,
the primary mass M1 = 0.94 M and the secondary mass
M2 = 0.59 M (with a mass ratio of q = M2/M1 = 0.628).
Furthermore, we determine v sin i to range between a mini-
mum of 88.7 kms−1 (at phase 0.0 and 0.5) and a maximum
of 108.8 kms−1 (at phase 0.25 and 0.75), with K2 equal to
163.9 kms−1.
Using our derived masses, we find a volume-averaged
radius of 0.696 R (Eggleton 1983). Comparing this to the
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Figure 7. The map entropy as a function of systemic velocity for
the first night’s data (triangles), the second night’s data (circles)
and the combined data (squares). Spline fits are shown only as a
visual aid.
Figure 8. An example of an ‘entropy landscape’ at an inclination
of i = 45◦, where Roche tomograms are reconstructed for many
pairs of primary and secondary star masses, with the optimal
pair of masses taken as those that produce the map of maximum
entropy.
evolutionary models of Siess et al. (2000) (where the radius
of a 0.6 M main sequence star is around 0.53 R), and
the evolutionary models of Baraffe & Kolb (2000) (where a
0.6 M main sequence star has a radius of around 0.57 R),
we find that the radius of the secondary star in SS Cyg is
around 20–30 per cent larger than that of an equivalent main
sequence dwarf.
6 SURFACE MAPS
Using the parameters derived in Section 5.1, we constructed
Roche tomograms for each night’s data (shown in Ap-
pendix 7). Given that the data sets were taken on sequential
nights, we are able to compare directly the reconstructed
surface features for short-term evolution, as well as con-
sistency in the reconstruction technique itself. Starspots
(showing as dark features in the maps) are not expected
Figure 9. The Roche tomogram of SS Cyg using both nights’
data. Dark grey-scales indicate regions of reduced absorption line
strength that is due to either the presence of starspots or the
impact of irradiation. The orbital phase is indicated above each
panel, and the tomogram is shown without limb darkening for
clarity.
to evolve significantly over such short timespans, typically
taking weeks to months to emerge or disappear (e.g. Parsons
et al. 2016; Is¸ik et al. 2007; Schrijver 2002; Collier Cameron
1995). Furthermore, any longitudinal shear due to differen-
tial rotation should be minimal, given the measured shear
rate of dΩ = 0.0233 rad d−1 for the CV, AE Aqr (Hill et al.
2014). Indeed, we may expect the most significant variability
to occur in the level of irradiation from the white dwarf and
accretion regions, leading to variations in the irradiation pat-
tern on the inner hemisphere (showing as dark regions in the
maps). However, we are generally insensitive to short-term
variations in irradiation (due to, e.g., variations in accretion
luminosity), as the effects are time-averaged over the dura-
tion of the data collection. We find that the reconstructed
surface features are very consistent between maps, show-
ing no significant morphology change, other than what may
be expected by using data of different S/N, with different
phase coverage. In particular, the long narrow spot feature
extending from the pole to the equator around phase 0.75
is reconstructed in a similar manner in both maps, show-
ing that even small structures have been reliably mapped,
with 1σ brightness variations of less than 5 per cent between
maps.
Given that we see no significant difference between the
two nights’ maps (see Figure A1), we combined all the data
to create a single map (shown in Figure 9), on which all
subsequent analysis is based.
We find a large high-latitude spot (centred around 70◦
latitude) on the rear of the star, as is typically seen in many
rapidly rotating single and binary stars (e.g. Donati 1999;
Barnes et al. 2000; Hussain et al. 2007; Watson et al. 2007;
Shahbaz et al. 2014). In addition, we find many smaller spots
across the stellar surface, with some long and narrow fea-
tures extending from high to low latitudes (in particular
around φ = 0.15 and 0.8). Such narrow features may be
artefacts due to flaring, phase-undersampling, or may be a
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Figure 10. Fractional spot coverage as a function of longitude
for the map in Figure 9, where the first Lagrangian point is at
180◦.
result of the ‘mirroring’ effect (that acts to smear features in
the latitudinal direction, see Watson & Dhillon 2001). How-
ever, given that these features are reproduced independently
in both nights’ maps, and given that features with a similar
morphology have also been found in AE Aqr (where there
was very dense phase sampling; Hill et al. 2016), we inter-
pret these as groups of starspots that have been smeared
together in the reconstruction.
Most prominently on the leading-inner hemisphere of
SS Cyg, we find a large region affected by irradiation, as is
also prominently seen in IP Peg (Watson et al. 2003) and
RU Peg (Dunford et al. 2012). This brightness asymmetry
(stemming from the ionization of atoms, reducing absorption
line depth) is clearly seen in Figure 10, where the fractional
spot coverage peaks around 170◦(i.e. towards the leading
hemisphere). Figure 10 also shows the increase in spot cov-
erage towards the rear of the star due (predominantly) to
the large high-latitude spot.
Following the definition of the immaculate photosphere
in Hill et al. (2016), we estimate the total fractional spot
coverage for SS Cyg to be 39 per cent (for the Northern
hemisphere only). Despite systematically underestimating
the spot coverage, due to our exclusion of unresolved spots,
this value is likely somewhat overestimated, as it addition-
ally includes the effects of irradiation (which appear dark
in the maps and are indistinguishable from spots). Indeed,
the spot coverage determined here is somewhat larger than
the 22 per cent found by Webb et al. (2002); however, it is
similar to that of AE Aqr (28–39 per cent, see Hill et al.
2016).
7 DISCUSSION AND SUMMARY
We have determined the system parameters of SS Cyg, and
as we take into account the inhomogeneity of the surface
brightness on the secondary star, our derived parameters
are (in principle) the most robust yet found for this system.
Our derived parameters are given in Table 2, where we
also compare our results to those of other authors. Our sys-
temic velocity of γ = −15.2 kms−1 agrees well with the values
determined by Hessman et al. (1984), North et al. (2002)
and Bitner et al. (2007), and while our optimum value of
the radial-velocity semi-amplitude of K2 = 163.9 kms−1 is
around 9 kms−1 higher than that of Hessman et al. (1984), it
is in excellent agreement with the values found by Martinez-
Pais et al. (1994), North et al. (2002) and Bitner et al.
(2007). Moreover, our stellar masses of M1 = 0.94 M and
M2 = 0.59 M, and optimum inclination of i = 45◦ are in
excellent agreement with those determined by Giovannelli
et al. (1983) and Bitner et al. (2007). Lastly, our optimal
mass ratio of q = 0.628 is bracketed by the previously mea-
sured values of Giovannelli et al. (1983), Hessman et al.
(1984), North et al. (2002) and Bitner et al. (2007).
By constructing Doppler tomograms of the Hα, Hβ, Hγ
and Hδ emission lines, we find an asymmetric accretion disc,
showing spiral structures, as well as the expected accretion
stream, with most of the emission of Hα and Hβ coming
from the irradiated secondary star.
SS Cyg is so far the shortest-period dwarf nova to have
been mapped with Roche tomography, and so it is of in-
terest to compare the results with those of longer-period
CVs such as AE Aqr (Watson et al. 2006; Hill et al. 2014,
2016) and BV Cen (Watson et al. 2007). It is difficult to
compare the magnetic field strength and topology in these
targets without direct measurements of the magnetic field
strength (through Zeeman broadening or spectropolarimet-
ric measurements), and so one cannot easily determine how
the dynamo, and resulting field strength and topology, are
affected by rotation rate or convective zone depth. However,
if one makes the reasonable assumption that starspots trace
the emergence of magnetic flux tubes, then one can make
some general comparisons. The fractional spot coverage of all
three of these CVs are fairly similar (around 20–40 per cent),
despite SS Cyg rotating 120 per cent faster than BV Cen,
and 50 per cent faster than AE Aqr. Furthermore, all of these
stars show large spotted regions at high-latitudes, with many
smaller spots distributed across the entire surface. Thus, it
appears that the faster rotation of SS Cyg does not have
a significant impact on the underlying dynamo mechanism,
and the resulting magnetic activity. If spot coverage is linked
to surface activity, as expected, this result is consistent with
the well-established result that stellar activity, which gener-
ally increases with decreasing rotation period, saturates for
periods less than a day (e.g. Pizzolato et al. 2003). It would
be desirable to test this further for even shorter-period CVs
with M dwarf companions, using larger telescopes and bet-
ter and faster-readout echelle spectrographs to obtain the
same resolution for fainter systems.
It is also interesting that there is clearly some asym-
metry in the fractional spot coverage about phase 0.5, with
the maximum coverage being shifted about 10◦ towards the
leading hemisphere. This effect is consistent with earlier ob-
servations of asymmetry in the heating effects of irradiation
(Smith 1995), which can be explained by Coriolis forces car-
rying heated material towards the leading hemisphere (Mar-
tin & Davey 1995). Shorter-period systems would be ex-
pected to have stronger irradiation, and therefore a larger
asymmetry, which strengthens the case for studying the
brightness distribution on their rapidly-rotating cool com-
ponents.
In summary, this study of the well-known dwarf nova
SS Cyg has revealed some interesting new features, which
suggest that the study of even shorter period systems would
be valuable.
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Table 2. System parameters of SS Cyg, with columns 1–7 listing the authors, the systemic velocity, the inclination, the radial-velocity
semi-amplitude of the secondary star, the primary mass, the secondary mass and the mass ratio
Author γ (kms−1) i (degrees) K2 M1 (M) M2 (M) q =
M2
M1
This work −15.2 45 163.9 0.94 0.59 0.628
Hessman et al. (1984) −15.1 ± 1 - 155 ± 2 - - 0.595
North et al. (2002) −13.09 ± 2.88 - 165 ± 1 - - 0.68 ± 0.02
Bitner et al. (2007) −13.1 ± 2.9 45–56 162.5 ± 1 0.81 ± 0.19 0.55 ± 0.13 0.685 ± 0.015
Martinez-Pais et al. (1994) - - 162.5 ± 3 - - -
Giovannelli et al. (1983) - 40+1−2 - 0.97
+0.14
−0.05 0.56
+0.08
−0.03 0.58
+0.12
−0.10
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APPENDIX A: ROCHE TOMOGRAMS FOR
EACH NIGHT
In Section 6, a surface map based on all the data was pre-
sented. For completeness, we present here in Figure A1 the
separate maps for the two nights of observation.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Surface maps for the two separate nights. Left panel: night 1; Right panel: night 2. The main features are essentially identical
on the two nights.
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